Abstract: This study employed electropalatography (EPG) to explore place and manner of articulation differences in Japanese consonants. Linguopalatal contact data were collected from 5 native speakers using custom-made artificial palates. The materials included words with 10 word-initial consonants and a word-final moraic nasal. Quantitative analyses of the data revealed some consistent differences among consonants in constriction location and constriction degree, even within the same-place classes. Certain differences among dorsal consonants, as well as among consonants with no active lingual constriction were also observed. The results for Japanese coronal consonants were further compared to previous quantitative findings for English and Spanish with the goal to establish common manner-specific patterns of linguopalatal contact across languages.
INTRODUCTION
Descriptive phonetic accounts of Japanese consonants typically classify these by place and manner of articulation [1] [2] (among others). The key place distinction is between labials (bilabial /p, b, m/), coronals (denti-alveolars /t, d, s, z, n, r/), dorsals (/k, ɡ, j, w, N/), and the laryngeal /h/. (Alveolopalatals /ʨ, ɕ, ʑ/ and consonants with secondary palatalization can be considered phonemic as well.) The manner distinctions include stops (/p, b, t, d, k, ɡ/), nasals /m, n, N/, fricatives /s, z, h/, glides /j, w/, and the rhotic /r/ (which can be variably realized as a flap [ɽ] or a tap [ɾ] ). All of these consonants occur in syllable-initial position, with the exception of /N/, which occurs only syllable-finally (and is often realized as a moraic uvular approximant [ɰ ͂ ], among other realizations).
Articulatory phonetic realizations of place and/or manner distinctions have been investigated in a number of instrumental studies using such methods as X-ray imaging [3] , X-ray microbeam [4] , electropalatography (EPG) [5] [6] [7] , and ultrasound tongue imaging [8] [9] . Most of these studies, however, focused on one of two specific consonants (e.g. /k/ in [3] ; /r/ in [5] ; /N/ in [8] ). Only two studies, we are aware of, have provided data on a full range of consonant articulations [6, 4] . Neither of these, however, performed a quantitative analysis of the data or discussed the findings from a cross-language perspective. Moreover, these and most other articulatory studies of Japanese consonants were based on one or two speakers, and their conclusions require further verification.
The goal of this paper is to provide articulatory characterization of Japanese consonants based on electropalatography (EPG) data collected from 5 native speakers of the language. EPG tracks the contact between the tongue and the roof of the mouth in time, and the method has been successfully primarily for coronal and some dorsal articulations. Here, we are interested in how Japanese consonants can be distinguished in terms of the location and amount of linguopalatal contact -both qualitatively and quantitatively. We are also interested in knowing to what extent the contact patterns for Japanese consonants are similar to or different from corresponding consonants in other previously examined languages, such as English and Spanish. Various quantitative measures of EPG contact have been shown to successfully capture place and manner distinctions in coronal consonants. For example, [10] showed that the Spanish nasal /n/ and rhotics /ɾ, r/ are articulated further back and with less side contact than the denti-alveolar stop /t/. In addition, rhotic constrictions * al.kochetov@utoronto.ca often showed a central opening similar to the fricative /s/. (See also [11] [12] on place and manner distinctions in English and Catalan, among other works.) Given this, it is interesting to see if the same analysis methods yield similar results for Japanese consonants.
METHOD

Speakers and materials
The participants were 5 female Japanese native speakers from various locations on the island of Honshu: Shizuoka (JF1), Shiga (JF2), Ibaraki (JF3), Kyoto (JF4), and Hyogo (JF5). All the participants were also fluent in English, residing at the time of the experiment in Toronto. They reported no history of speech or language disorders.
The reading materials for the experiment included Japanese words with 10 word-initial consonants of different places and manners of articulation, as well as with the syllable-final /N/. All consonants were followed (and preceded) by the same vowel, a low central /a/. As a control, we also used a word with no initial consonant, but with the same vowel. The full list of words is shown in Table 1 . Table 1 The list of stimuli used in the study: 12 words organized by the place of articulation of the target consonant.
The items were randomized and presented in a carrier phrase [soɽe ɡa ___ to itːa] (「それが ___ 」 と、言った)
'That is ___' s/he said.'. Note that some of the studied articulations may have constrictions beyond the artificial palate (e.g. uvulars) or do not have active lingual constrictions (labials and /h/). We nevertheless decided to include these, as subtle contact differences may still point to their specific constrictions. Further, these consonants can serve as controls for the analysis of coronal articulations. Note also that we group /j/ with dorsals based on its more posterior constriction; however, the consonant can be alternatively regarded as a coronal (see [13] on palatals). Recordings were done in 2 sessions (on different days), with 6 repetitions of utterances collected in each session. This gave us 144 tokens per speaker, or 720 tokens in total (12 words * 6 repetitions * 2 sessions * 5 speakers).
Instrumentation and analysis
A WinEPG system by Articulate Instruments [14] was used to collect articulatory data at a sampling rate of 100 Hz and audio data at 22,050 Hz. The system employs acrylic palates with 62 electrodes, custom-made for each participant. Traditional Reading-style palates were used for all participants except for JF4 and JF5, who used newly-manufactured 'Articulate' palates [15] . The two palate designs are similar with respect to capturing relevant place and manner distinctions, while the latter one is expected to provide slightly better coverage for dentals and velars.
The data collection, annotation, and analysis were performed using the Articulate Assistant software [14] . Each target consonant was annotated based on the acoustics (waveforms and spectrograms) -as periods of silence for stop closures, nasal murmur and reduced amplitude for nasals, frication noise for fricatives, reduced amplitude or a brief closure for /r/, and reduced amplitude and/or steady formants for the glides (with high/low F2 for /j/ and /w/ respectively).
Measurements of linguopalatal contact were taken at the midpoint of each annotation and used for further statistical analysis. It should be noted that the EPG palate is zoned into 8 rows (R1-R8) and 8 columns (C1-C8), as shown in Fig. 1 (left) . The contact throughout rows 1 to 4 typically corresponds to coronal articulations, while the central contact at rows 7 and 8 corresponds to velar articulations. The image on the right is an average profile for the denti-alveolar /t/, with shades of grey showing the percentage of contact (0-100%) for each electrode over multiple repetitions.
C1 C2 C3 C4 C5 C6 C7 C8 Fig. 1 Zoning of the EPG palate (left) and a sample average linguopalatal contact profile for /t/ (right).
Three standard articulatory indices were employed to capture differences among articulations. These were Contact Anteriority (CA), Contact Centrality (CC), and Quotient of activation (Q), all taken over the entire palate (based on [16] ; see [17] for a partly overlapping set of EPG measures). The formulas for these indices are as follows:
•
Note that CA captures the constriction location (front-back) distinction, being close to 1.00 for denti-alveolars and approaching 0.00 for retracted velars; CC captures the constriction degree distinction in terms of the presence/absence of a central opening, being close to 1.00 for coronal stops/nasals and lower for fricatives and approximants. Q captures the amount of overall contact over the palate and is expected to be higher for coronals, as well as for the most constricted manners -stops and nasals. Coronals were also examined for amount of contact in the last 3 rows (Qp3).
Statistical analysis was performed separately for 3 place classes -coronal, dorsal, and other (non-lingual and /a/), in involved repeated measures Analyses of Variance (RM ANOVAs) using R [18] with within-subjects factors Consonant (4 levels) and Session (2 levels; included for completeness). Bonferroni post-hoc tests, adjusted for multiple comparisons, were performed to explore differences among Consonant categories.
RESULTS
An overview
We will begin the presentation of results with an overview of linguopalatal contact patterns across consonants and speakers. As can be seen in Fig. 2 , coronal consonants produced by 5 speakers are characterized by a constriction in the first 4 rows of the palate (alveolar or post-alveolar) and by frequent side contact throughout the palate. In contrast, dorsals show contact in the last 4 rows of the palate and, with the exception of /j/, in the last 2 rows. With the exception of the stop /k/, the contact for dorsals is at the sides rather than in central columns of the palate. This may reflect a more posterior (e.g. uvular) constriction not captured by palate, or a lower position of the tongue. The remaining consonants -the labial /p, m/ and the laryngeal /h/ -also show a rather minimal contact at the sides of the back of the palate. As these consonants are not expected to have a lingual constriction, the observed contact may reflect the passive position of the tongue, or the position expected for the following vowel /a/. The latter explanation seems reasonable given the overall similar contact for /a/ in the last row of the figure. Note that some consonants show greater between-speaker variation than others, particularly /s/ and /r/. The fricative is usually produced with a front central opening, which can be narrow (JF2 and JF3) or wide (JF4 and JF5). One of the speaker's /s/ (JF1) shows a stop-like closure, which can reflect a very narrow channel not captured by the palate (as the sound was acoustically realized as sibilant fricative). The production of the rhotic is also highly variable in place and manner, seemingly reflecting realizations of the sound as a flap, a tap, or a lateral (as pointed out by one of the reviewers).
Quantitative differences: All consonants
Turning to quantitative results, Distinctions between consonants in Contact Centrality (CC) are overall similar to CA, and are therefore not shown here. One notable exception is the difference between /s/ (lower CC) and the other coronals. Another difference involves /k/ (higher CC) and the other dorsals. These values reflect the presence of a central channel/opening for /s/ and a velar closure for /k/. Finally, Quotient of activation (Q), shown in Fig. 4 , further reflect distinctions between coronals and noncoronals, while also showing manner of articulation differences at least for coronals (/t, n/ > /s, r/). All these differences are further explored statistically separately for each consonant class.
Quantitative differences: Coronals
Results of RM ANOVAs for coronals revealed a main effect of Consonant for all 3 variables (CA: F(1,3) = 5.803, p = 0.011; CC: F(1,3) = 14.44, p < 0.001; Q: F(1,3) = 24.49, p < 0.001). The factor of Session and the Consonant * Session interaction were not significant. Bonferroni 95% confidence intervals xxx posthoc tests revealed that the stop /t/ was significantly more anterior and more centrally occluded than the fricative /s/ and the rhotic /r/ (p < 0.001); /t/ also had more overall contact than the other coronals (p < 0.001). The nasal /n/ was also more anterior than /s/ and /r/, while being more occluded than /s/ (p < 0.001; but not /r/). Finally, /s/ was found to be more anterior and less centrally occluded than /r/ (p < 0.001). An additional ANOVA run for Q_p3 (last 3 rows of the palate) showed a main effect of Consonant (F(1,3) = 21.77, p < 0.001), with /t/ having more palatal side contact than the other coronals, and /n/ and /s/ having more contact than /r/.
Quantitative differences: Dorsals
Results of RM ANOVAs for dorsals revealed a main effect of Consonant for all 3 variables (CA: F(1,3) = 156.9, p = 0.001; CC: F(1,3) = 28.48, p < 0.001; Q: Q (F(1,3) = 19.87, p < 0.001). The factor of Session and the Consonant * Session interaction were not significant. Bonferroni posthoc tests revealed that the palatal glide /j/ had significantly more anterior constriction and overall greater contact than the other dorsals (p < 0.001). It also had a greater central occlusion than the other dorsals with the exception of /k/. The latter had the highest value for CC (p < 0.001), reflecting its central closure, while also showing greater contact than /N/ and /w/ (p < 0.001), and more anterior contact that /N/ (p < 0.05). The nasal /N/ was more front than /w/, but the two were not different otherwise.
Quantitative differences: Other
Results of RM ANOVAs for non-lingual consonants and /a/ revealed a main effect of Consonant for Q (F(1,3) = 5.822, p = 0.011), but not CA. (The variable CC is not considered to be meaningful for this set.) There were no other significant effects of interactions. Bonferroni posthoc tests for Q revealed that labials /p, m/ had less contact than the laryngeal /h/ and the vowel /a/ (p < 0.001). Among the former two, the stop had less contact than the nasal (p < 0.01).
Summary
To summarize, quantitative measures of Contact Anteriority, Contact Centrality, and Quotient of activation provided an exhaustive categorization of some of the major place (coronal vs. non-coronal) and manner contrasts (stop/nasal vs. fricative or approximant), while also revealing some smaller-scale constriction location and de- 
DISCUSSION
This study was designed to provide an articulatory description of Japanese consonants of various places and manners of articulation. Our focus was specifically on linguopalatal contact patterns of consonants, and how these can be captured using quantitative EPG analysis measures.
Starting with coronals, the results revealed some important manner-specific differences: the oral/nasal stops /t/ and /n/ had a more anterior constriction, a greater central occlusion, and overall more extensive contact over the palate compared to the fricative /s/ and the rhotic /r/. The latter also differed from /s/ in greater central occlusion and lesser palatal side contact. The more anterior location for coronal stops and nasals, compared to fricatives and the rhotic, has been reported by previous descriptive studies [1] [2] . Specifically, the stops are categorized as laminal (denti)-alveolars, with coronal fricatives being described as slightly more posterior alveolars, and the rhotic being post-alveolar (although quite variable across speakers). Similar results were observed by [6] , based on EPG data from a single speaker. The lesser central occlusion for /s/ in our results is fully expected, as the central channel is crucial to producing sibilant airflow. Yet, speakers were found to differ considerably in how exactly they position the tongue and implement the channel in order to achieve the aerodynamic requirement. Somewhat less expected is the reduced central occlusion for the word-initial /r/. As one of the reviewers notes, however, this sound tends to have a very short closure, which may not have been always captured by the EPG system given the 100 Hz sampling rate. In our data, incomplete closures were not uncommon, although not as frequent as in word-medial intervocalic position observed in [5] . While /t/ and /n/ were very similar in their profiles, the nasal showed less overall amount of contact, and specifically less side contact in the last rows of the palate. A similar result was observed by [6] and [7] . The latter study, which used pressure-sensitive palates, attributed these differences to different pressure levels involved in the articulation of stops and nasals. The greater pressure level for stops is likely due to the need to build up air pressure prior to the release [11] .
Turning to dorsals, the extensive front contact for the palatal /j/ and the central occlusion for /k/ are fully expected. It should be noted, however, that Japanese /j/ before /a/ has been described as fairly low, [ɛ̯ ]-like [1] , compared to the same phoneme before /u/ or /o/. Further work is needed to determine if this contextual variation indeed exists. The relatively little contact observed for /N/ and especially /w/ can be attributed to either more posterior, uvular, constriction for these sounds or low position of the tongue. The former explanation seems more plausible for /N/, as this sound has been traditionally described as a uvular approximant [ɰ ͂ ] [2] . It should be noted, however, that this sound can further weaken its constriction before vowels, and therefore the weak contact we observed may reflect a combination of the two factors. Ultrasound is a more appropriate method to investigate posterior articulations like this, and some successful work in this direction has been already done [8] .
Finally, the results also revealed some linguopalatal contact profile differences between labials on the one hand and /h/ on the other. These may strike one as unexpected given that none of these segments have active lingual constrictions. At least for /p/, however, the lower position of the tongue can be explained by active stiffening of the tongue as part of producing of a voiceless closure [19] . An alternative explanation could be that Japanese /h/ has in fact a posterior lingual constriction [9] ; however, this would be inconsistent with our finding that the same pattern is shown by the vowel /a/.
Overall, the results show that EPG can capture various place and manner distinctions, even if the consonants' articulators are beyond the artificial palate proper. Ideally, however, it would be useful to combine EPG with ultrasound or electromagnetic articulagraphy (EMA) to provide a more holistic description of the tongue contact, shape, and dynamics. Equally important is to extend the investigation of consonant patterns to other word positions and vowel contexts. This is particularly relevant for Japanese consonants that have been previously noted to exhibit strong coarticulatory effects and overall greater variability (see [5] on /r/). Individual variation in the production of consonants like /s/ and /r/ should be also explored, to determine whether they reflect dialectal, idiolectal, or individual physiological differences.
Finally, we turn to a comparison of our quantitative results for Japanese coronals to similar measurements for coronals in Spanish and English -in order to assess the quantitative method and to determine cross-language patterns. To facilitate the comparison, mean CA (constriction location) and Q (constriction degree) values are plotted in scatterplots for 3 languages in Fig. 5 . It can be seen in the top plot, that Japanese coronals differ in the anteriority of the constriction from /t/ and /n/ to /s/ and further to /r/. They also differ in the degree of contact from the most constricted /t/ to the slightly less constricted /n/, and to the weakly constricted /s/ and /r/.
Argentine Spanish, illustrated in the next plot (based on data from 5 speakers in [10] ), has a richer set of liquid consonants corresponding to the Japanese /r/: the lateral /l/, the tap /ɾ/, and the trill /r/. It can be seen, however, these consonants exhibit the same general pattern in degree of constriction, namely a decrease /t/ > /n/ > /l, s/ > /ɾ, r/. It also shows a considerably posterior constriction for the rhotics. In addition, Spanish /n/ is more posterior than /t/ (apical alveolar vs. laminal denti-alveolar), the pattern that is different from Japanese. Certainly, caution should be taken when comparing data from relatively small numbers of speakers, whose individual palate shape differences can affect numerical values.
The last plot illustrates corresponding consonants in Canadian English (based on 2 speakers from [20] ). Here, again, the consonants show a contact degree decrease from the stop to the rhotic: /t/ > /n/ > /l/ > /s/ > /ɹ/. The latter consonant, which is a post-alveolar approximant with a low CA value of 0.19 is beyond the visible part of the plot.
The purpose of this cross-language comparison was to show that the method accurately captures relevant parameters in consonant articulations. More importantly, the results show that linguopalatal contact patterns representing manner of articulation distinctions are essentially the same across languages. These likely reflect specific aerodynamic requirements and possibly phonological principles such as relative sonority.
